Nanoring magnetic tunnel junctions ͑NR-MTJs͒ with outer diameters as small as 100 nm and a thin wall width of 25 nm have been fabricated. NR-MTJs acquire different resistance states when they are switched by electrical currents compared with when they are switched by external magnetic fields. This can be explained by combining the effects of spin-transfer torque and circulatory Oersted field during current-induced switching. We provide a model for computing the equivalent circulatory magnetic field due to the nonadiabatic spin torque of the spin-polarized current through the MTJ. The multiple spin states in nanoring MTJs provide prospects for magnetic memory devices. DOI: 10.1103/PhysRevB.77.224432 PACS number͑s͒: 75.47.Ϫm, 73.22.Ϫf, 73.40.Gk The two important spin-dependent transport effects, giant magnetoresistance ͑GMR͒ and tunneling magnetoresistance ͑TMR͒ effects, can both be realized in vertical trilayer pillars consisting of two ferromagnetic ͑FM͒ layers separated by a thin metallic layer in the former or an insulating layer in the latter.
The two important spin-dependent transport effects, giant magnetoresistance ͑GMR͒ and tunneling magnetoresistance ͑TMR͒ effects, can both be realized in vertical trilayer pillars consisting of two ferromagnetic ͑FM͒ layers separated by a thin metallic layer in the former or an insulating layer in the latter. [1] [2] [3] [4] [5] [6] [7] [8] [9] While the physics of GMR and TMR are different, the resistance in both cases depends only on the spin configurations of the two FM layers: high ͑low͒ resistance R AP ͑R P ͒ when their magnetizations are antiparallel ͑parallel͒. Besides a magnetic field, a spin-polarized current can also switch the spin configurations due to the spin-transfer torque ͑STT͒ effect. [10] [11] [12] [13] When the critical current density for switching is exceeded, regardless of its prior configuration, the pillar results in the antiparallel state with R AP when electrons are flowing from the thin layer to the thick layer, and the parallel state with R P with the opposite current polarity. The high/low resistance states accomplished by the STT effect are precisely the same as those achieved by a homogeneous magnetic field if the FM layers acquire only the single domain states. However, this well-known relationship between TMR and STT does not necessarily hold in nanorings.
In addition to STT, a current passing through a pillar also generates a circulatory Oersted field, which leads to complex switching processes ͑e.g., C-shaped states͒ in disk-shaped pillars. [14] [15] [16] [17] Nanoring pillars provide an ideal geometry for addressing the effects of the Oersted field in STT switching. Magnetic nanorings have attracted much attention in recent years due to their unique attributes ͑e.g., absence of vortex cores, flux-closure vortex state, and low stray fields͒ and promising applications in magnetic random access memory ͑MRAM͒. [18] [19] [20] Both GMR ͑Refs. 21 and 22͒ and TMR ͑Ref. 23͒ effects have recently been observed in magnetic nanorings. Yang et al. 22 hinted that the circulatory Oersted field may play a role in the STT switching of the nanoring GMR devices. The effect of Oersted field on the switching of MTJ devices, however, has not been carefully studied before. In this work, we show that NR-MTJs with narrow ring widths acquire other spin structures due to the circulatory Oersted field combined with STT. We also provide a model to compute the equivalent "spin-transfer exchange magnetic field" H ST in order to compare the STT with the Oersted field.
The spin configuration of a narrow nanoring can have no domain wall ͑DW͒ as in the vortex state or two DWs as in the onion state and the "twisted" state. [24] [25] [26] [27] [28] [29] [30] [31] The onion state, which usually forms in the remnant state, consists of two semicircular domains separated by two DWs ͓Fig. 1͑a͔͒. Each DW can be considered as a combination of two half vortices with opposite winding numbers ͓+1 / 2 at A and D and −1 / 2 at B and C in Fig. 1͑a͔͒ . 25 The two DWs move in opposite directions under a homogeneous magnetic field ͓Fig. 1͑b͔͒, but toward each other under a circulatory magnetic field ͓Fig. 1͑c͔͒. Since half vortices with the same winding number cannot annihilate in thin nanorings ͑less than several nanometers thick͒, the two DWs can only approach each other and form the twisted state with two unequal domains ͓Fig. 1͑g͔͒. 28, 29 The vortex, onion, and twisted states of a nanoring offer multiple spin states for exploration.
We have fabricated NR-MTJs with outer diameters from 100 to 400 nm and a fixed width of only 25 nm. The narrow width is essential for avoiding vortices within the width. The spin configuration, especially the switching characteristics of small nanorings with extremely small width, is challenging for magnetic force microscopy and spin-sensitive electron microscopy, but can be revealed by the transport properties as shown in this work. Our NR-MTJ devices consist of a multilayer stack of Ta͑5͒ / Ir 22 B 20 ͑2.5͒ / Ta͑3͒ / Ru͑5͒ ͑layer thicknesses in nanometers͒, which were deposited by a KJLC magnetron sputtering system with a uniform in situ magnetic field of 100 Oe to establish the exchange bias on the bottom FM layer. The AlO x tunnel barrier was fabricated by inductively coupled plasma ͑ICP͒ oxidization of 0.6 nm Al layer in a mixture of oxygen and argon at a pressure of 1.0 Pa for 10 s in a separate chamber attached to the sputtering chamber. The bottom electrode below the NR-MTJ was first patterned by ultraviolet optical lithography ͑UVL͒ combined with Ar-ion beam milling. The active nanoring-shaped junction area was patterned by electron-beam lithography ͑EBL͒ using a Raith 150 scanning electron microscope and reactive ion etching ͑RIE͒. The NRMTJs with a narrow width of ⌬r = 25 nm were terminated right above the antiferromagnetic ͑AF͒ layer. The nanoring MTJ pillar together with the top resist was then buried by SiO 2 deposited using the sputtering system. Finally, the top measuring electrode was sputtered and patterned, completing the NR-MTJ as shown in Fig. 1͑d͒ Figure 2 shows the scanning electron microscopy ͑SEM͒ micrographs of arrays of MR-MTJs with high uniformity and good edge quality ͑before adding the top electrodes͒.
The tunneling resistances, with the current flowing from the storage to the reference layer defined as positive, were studied as a function of current ͑R-I loop͒ or external magnetic field ͑R-H loop͒ at room temperature. Instead of using a large dc excitation current that generates Joule heating and causes the curved background in the R-I loops, 8 we used pulsed excitation current with pulse width of 0.5 s and a small read current of only 10 A. Various excitation current pulse widths between 0.2 and 10 s and read currents between 10 and 20 A were also used and gave similar results. The switching result of the 100 nm NR-MTJ by a homogeneous magnetic field is shown in Fig. 3͑a͒ . The low/ high resistances of R P H = 2.15 k⍀ and R AP H = 3.1 k⍀, corresponding respectively to parallel ͓Fig. 1͑e͔͒ and antiparallel ͓Fig. 1͑f͔͒ onion states, yield a field-induced TMR ratio of TMR 100 nm H =45%. The resistance-area product ͑RA͒ of the antiparallel state is RA 100 nm H,AP =18 ⍀ m 2 . The result of the current-induced switching of a 100 nm NR-MTJ is displayed in Fig. 3͑b͒ , which shows an antiparallel resistance of R AP I = 2.7 k⍀ and a current-induced TMR ratio of TMR 100 nm I =25% at room temperature. The flat background for both high/low resistances is a direct consequence of using pulsed excitation currents. For 100 nm NR-MTJ, the critical current of +I C Ϸ 0.40 mA corresponds to a critical current density of J C = 6.0ϫ 10 6 A/cm 2 and a resistance-area product ͑RA͒ of about RA 100 nm
2 . For 200 nm NR-MTJs, the switching current is 0.9 mA and the current density is 5.7ϫ 10 6 A/cm 2 . Even though the switching currents vary by a factor of 2 between the 100 and 200 nm NR-MTJs, the switching current densities are very close, and this relationship extends to the largest NR-MTJs that we have made. The critical current I C increases linearly from about 0.40 mA for the 100 nm NR-MTJs to about 2 mA for the 400 nm NR-MTJs ͑Fig. 4͒, but the critical current density remains at J C =6ϫ 10 6 In ͑b͒ and ͑d͒, the resistance was measured after applying a pulsed current with a pulse width of 0.5 s.
telltale sign of STT switching. 5, 9 This feature leads to the scalability of the switching current, which is particularly beneficial for smaller elements because NR-MTJ with smaller diameter requires smaller switching current. In addition, at the same J C , a NR-MTJ requires less switching current than that of a disk MTJ of the same diameter.
It is necessary to evaluate the quality of our tunnel junctions before further study. We compare the resistance and RA product of the 100 and 200 nm NR-MTJs. First, tunneling resistance depends on the barrier thickness exponentially; therefore the resistances of tunnel junctions fabricated on a single 3 in. wafer could vary by several orders of magnitude, with the junctions located on the outer edges having thinner barrier and smaller resistances. Between our 100 and 200 nm NR-MTJs that were fabricated on the same 3 in. wafer, the cross sections vary by 2.3 times, and the tunneling resistances vary about 12 times; the deviation is only 12/ 2.3 = 5.2 times. This indeed shows the good quality of our samples. Second, the RA product is also a good measure of the junction quality because it also depends on the barrier thickness sensitively. For instance, the RA of MgO-based MTJ changes 10 5 times when MgO thickness changes from 1.0 to 3.0 nm. 32 For our samples, the RA of 200 nm NR-MTJ ͑3.5 ⍀ m 2 ͒ is fairly close to that of the 100 nm NR-MTJ ͑16 ⍀ m 2 ͒, again demonstrating the good quality of our samples.
We used the tunneling resistance to determine the spin structures in the storage layer by exploiting the fact that the tunneling current is perpendicular to the insulating barrier surface. As a result, the MTJ conductance scales directly with the areas A P and A AP with parallel and antiparallel spin arrangements between the reference and the storage layers,
where G AP =1/ R AP and G P =1/ R P are the conductance of antiparallel and parallel onion states, respectively, and A = A AP + A P is the total interface area. Thus, the total conductance G of an MTJ is an accurate measure of the difference between the areas with opposite spin structures. Once the values of R P and R AP of an MTJ have been found from the field switching results, any other spin structure of the storage layer would give rise to a conductance G =1/ R, from which the fraction A P / A can be experimentally determined using Eq. ͑1͒. For example, with the reference layer in the onion state, the conductance G would be G P , G AP , and ͑G P + G AP ͒ / 2 when the storage layer is in the same and the reverse onion state and the vortex state, respectively. One notes the relation in Eq. ͑1͒ is unique to MTJ and not applicable to the GMR pillars.
In conventional disk MTJs, the tunneling resistances R AP and R P are the same for field-induced switching and currentinduced switching, but not so in NR-MTJs. As shown in Figs. 3͑a͒ and 3͑b͒ , the high resistance of 3.1 k⍀ by field switching is higher than 2.75 k⍀ by current switching, and consequently the TMR ratio of ͑TMR͒ H =45% is much higher than ͑TMR͒ I =25%. Since the reference layer always remains at the onion state ͑pinned by the bottom AF layer͒, the two different high resistances of R AP H = 3.1 k⍀ and R AP I = 2.75 k⍀ indicate two different spin structures of the storage layer. The storage layer acquires the reverse onion state under a large magnetic field, with R AP H = 3.1 k⍀ as expected. However, the state of R AP I = 2.75 k⍀ by current switching means that the storage layer has neither the reverse onion state nor the vortex state which should yield a resistance of ͓͑G P + G AP ͒ / 2͔ −1 = 2.54 k⍀. Therefore, R AP I = 2.75 k⍀ must correspond to an intermediate twisted state in the storage layer. We attribute the twisted state to the combined effect of STT ͑which causes the DWs to be at the opposite ends͒ and circulatory Oersted field ͑which induces the DWs to move in the same direction͒ as illustrated in Figs. 1͑b͒ and 1͑c͒ . The twisted state, as shown in the upper part of Fig. 1͑g͒ , has two unequal domains with spanning angles of + and − . 11, 23 According to Eq. ͑1͒, the conductance G of a twisted state is G = G AP + ͑G P − G AP ͒ / 2. The characteristic angle can be determined using the measured conductance G. For 100 nm NR-MTJ, the measured high resistance of 2.75 k⍀ during current switching corresponds to a twisted state with 100 nm = 104°and two unequal domains of spanning angles 284°and 76°. For 200 nm NR-MTJ, we have R P I = 241.9 ⍀, R AP I = 253 ⍀, R TW I = 249 ⍀; therefore 200 nm = 110°. The nearly identical characteristic angle between 100 and 200 nm NR-MTJs are due to the same ring width, same threshold current density for STT switching, and similar circulatory magnetic field ͑calculated below͒. Thus, in a NR-MTJ the storage layer can acquire an onion state by an external magnetic field or a twisted state by a current.
The Oersted field inside the nanoring is approximately a linear function of the position along the radial direction since the ring width is only 25 nm. The maximum circulatory Oersted field, which determines the switching characteristics, occurs at the outer diameter of the NR-MTJ and equals ͑ 0 I C / 2r͒cos . The first factor 0 I C / 2r Ϸ 15 Oe, for an infinitely long pillar, is approximately the same irrespective of ring size for our NR-MTJs because the critical switching current I C is a linear function of the diameter 2r as shown in Fig. 4 . The correction factor cos is for a finite pillar with a subtended angle . With a height of 17 nm and varying between 80°and 88°, the maximum circulatory magnetic field is about 0.74 Oe ͑400 nm NR-MTJs͒ to 2.4 Oe ͑100 nm NR-MTJs͒. Micromagnetic simulations have shown that these field values are far too small to switch the NR-MTJs to the full vortex states, 24 but, as we show in the following, can affect the otherwise simple switching scenario by STT.
To compare the relative strengths of the circulatory Oer- sted field and the STT, we use the nonadiabatic term of spin torque in the Landau-Lifshitz-Gilbert ͑LLG͒ equation to compute the equivalent spin-transfer exchange field that the tunneling current exerts on a domain wall in the free layer. The extended STT equation of the free layer with magnetization M has the form
where ␥ is the gyromagnetic ratio, ␣ is the Gilbert damping constant, m and m fixed are the unit vectors of free layer and the fixed layer, respectively. In addition, 1 describes the efficiency of the conventional adiabatic spin torque, and 2 is an effective spin-transfer exchange field. When the spacer layer is an insulator as in our experiment on NR-MTJ, the parameter 1 is a constant. In the thin-film limit, since all the spins are confined within the plane and the precession induced by the adiabatic spin torque is overdamped, the dominating spin torque in the above equation is the nonadiabatic 2 term. For two pointlike magnets, the above equation for the free layer in an MTJ with the presence of a spin current can be rewritten as
where m and s are the unit vectors of the magnetizations of the free and fixed layers, respectively, and J is the spin current measured in inverse seconds. The third and fourth terms are the adiabatic and nonadiabatic spin torques, respectively, with strengths expressed by the coefficients a and b of the same dimension. In particular, one finds the dominating factor b = ␥បA 2 /2eV m M S by comparing Eqs. ͑2͒ and ͑3͒. As can be seen by direct comparison of the first and fourth terms on the right-hand side of Eq. ͑3͒, the nonadiabatic torque works like a spin-transfer exchange magnetic field,
where the dimensionless coefficient C includes several factors such as the polarization of current and interface quality; V = At and t are the volume and the thickness of the storage layer, respectively. We use C =1, M S = 1.1ϫ 10 6 A / m for Co 60 Fe 20 B 20 . The damping coefficient ␤ is on the same order as that of the Gilbert damping coefficient ␣ ͓about 0.01 ͑Ref. 35͔͒; J C =6ϫ 10 6 A / cm 2 and t = 2.5 nm. We arrive at an equivalent field H ST of about 1.44 Oe. This value is indeed comparable to the Oersted fields among our NR-MTJs.
In our NR-MTJs, the fixed layer has been designed to have the onion state. A homogeneous magnetic field drives the two domain walls in the onion state to opposite directions. Depending on the direction of the homogeneous field, the free layer can acquire either the same or the opposite onion state as that of the fixed layer. In STT switching, the free layer acquires either the same or the opposite onion state depending on the direction of the current. One therefore expects the same states using either a homogeneous magnetic field or STT, as observed in all disk MTJs. However, in NR-MTJs, under STT switching, the free layer does not acquire the onion state but instead the twisted state as shown in Fig. 3 . This is the result of the circulatory magnetic field, whose value has a strength comparable to that of the equivalent STT field as we describe above. Hence, the twisted state achieved during current-induced switching is due to the combination of the STT and circulatory Oersted fields. The spanning angle of the twisted state depends on the relative strength of the two contributions.
In summary, in nanoring magnetic tunnel junctions with deep submicron diameters, we have observed STT-induced switching under the influence of circulatory Oersted field generated by the same switching current. As a result, fieldinduced switching and current-induced switching do not result in the same spin configurations, in contrast to the wellestablished relationship in pillars with disk-shaped ferromagnetic elements. The multiple spin states in nanorings may be useful for multiple state magnetic memory devices.
